specifi c species. For physiological studies and potential early detection of tuberculosis, identifi cation of pure cell wall and cell membrane components is of paramount importance. However, isolated compounds are often not pure and for this reason errors in the structural assignment of natural compounds have been made in the past ( 2 ) . The characterization of isolated natural compounds by comparison with the corresponding synthetic material is therefore highly desirable.
The partial structural assignment of glycerophospholipids with two different acyl residues had already been studied by Smith et al. ( 3 ) in 1995 and later by Cabrera et al. ( 4 ) in 2000. Negative ion electrospray ionization tandem mass spectrometry was used to compare the fragmentation pattern of two commercially available regioisomers, l-Opalmitoyl-2-O -oleoyl-sn -glycero-3-phosphoethanolamine and l-O -oleoyl-2-O -palmitoyl-sn -glycero-3-phosphoethanolamine ( 3 ) . As suggested by Jensen et al. ( 5 ) in 1987, cleavage of the acyl residues occurred preferentially at the sn -2 position of the glycerol backbone, resulting in a higher abundance of the sn -2 positioned carboxylate such that it was observed approximately in a 2:1 ratio. An extensive MS/MS analysis study by also supports the conclusion that there is a preferred cleavage at the sn -2 position in phosphatidyl compounds and gives detailed mechanisms, involving participation of the phosphate head group, thereby explaining this result.
Gilleron et al. ( 12 ) used the same principle in 2001 to determine the fatty acid distribution of mycobacterial phosphatidyl-myo-inositol mannosides. They observed the preferred sn -2-glycerol cleavage in mass analysis and assigned a tuberculostearic acid (TBSA) residue to the sn -2position of the glycerol backbone. Later, the structure was reassigned, placing the TBSA residue at the sn -1 position ( 13, 14 ) . Glycerophospholipids are found in all biological membranes and play an essential role in the structure of cellular membranes ( 1 ) . The general structure of glycerophospholipids consists of a glycerol core with a phosphate group localized at the sn -3 position. The two remaining hydroxyl functionalities are substituted with at least one O -acyl, O -alkyl, or O -alk-1'-enyl residue. The two acylsubstituents can be either identical or different and affect membrane packing in ways that infl uence bacterial survival and drug transport. Some bacteria, such as Mycobacterium tuberculosis , have very specifi c glycerophospholipids, which can in principle be used to detect and identify a duced methyl substituent (see supplemental data). The thioester functionality was selectively reduced, in the presence of the propyl oxo-ester, to the corresponding aldehyde under Fukuyama conditions ( 34 ) . Wittig reagent C 5 H 11 CH = PPh 3 was added to the reaction and a mixture of E -and Z -isomers of 10 was obtained in 92% yield from 9 . Olefi n 10 was reduced under transition metalfree conditions to avoid any double bond isomerization and thereby potentially racemization of the methyl-branched stereocenter. Flavin catalyst 11 in combination with hydrazine produces diimide in situ, which reduced olefi n 10 in an excellent yield based on a recently published method ( 35 ) . Saturated propylester 12 was hydrolyzed with KOH, leading to the desired natural occurring R -enantiomer of TBSA in 5 steps with an overall yield of 67% (92% on average per step).
Synthesis of 1-O -tuberculostearoyl-2-O -palmitoylsn -glycero-3-phosphoethanolamine
Commercially available ( R )-benzyl glycidyl ether 13 was heated to 100°C together with one equivalent of ( R )-TBSA, as a melt with catalytic amounts of Bu 4 NBr ( Fig. 2 ) ( 15 ). Ester 14 was obtained in 81% yield together with a small amount of the other regioisomer, which was removed by column chromatography. The 2-position was acylated with palmitic acid (C 15 H 31 COOH) and N , N '-dicyclohexylcarbodiimide (DCC) as the coupling agent in 70% yield. Palladium-catalyzed hydrogenolysis of the benzyl ether in a 1:1 mixture of ethanol and acetic acid resulted in alcohol 16 in 76% yield. Basic conditions were avoided as this could easily lead to undesired acyl migration. We observed only traces of the 1,3-sn -diacyl glycerol product, which could be removed by fl ash chromatography. Initially, we tried methods ( 36, 37 ) for the introduction of the PE group starting from the phosphoryl chloride, which invariably gave unsatisfactory results. Finally, the PE group was introduced in a two-step, one-pot procedure. Reagent 17 ( 38 ) was added to 16 together with 5-phenyl-1 H -tetrazole ( 39 ) . The reaction was followed by TLC and after full conversion of the starting material to 18 , m -chloroperbenzoic acid ( m CPBA) was added as the oxidant. Using this procedure, benzyl and carboxybenzyl (Cbz) protected 19 was obtained in 75% yield. Finally, phosphate ester 19 was treated under hydrogenolysis conditions ( 39 ) to remove the benzyl and Cbz protecting groups in one step to yield the desired product 1 ,
, was synthesized in the same way, the only difference being the order of the introduction of the acyl residues. Palmitic acid was fi rst introduced followed by ( R )-TBSA.
HPLC/MS, HPLC/MS/MS, and 1 H-NMR analysis of synthetic compounds and natural isolate
Natural and synthetic compounds were analyzed on a 1200 series HPLC with a quadrupole accurate mass time of fl ight (Q-TOF) 6520 mass spectrometer (Agilent Technologies, Santa Clara, CA). Voltage 3.5 kV, source temperature 325°C, drying gas 5L/min, nebulizer pressure 30 psi, and ions were detected in the negative mode. Approximately 2 g of each of the synthetic compounds and 1 g of purifi ed natural phospholipid were injected into a 250 mm × 4.6 mm C18 bonded silica column (Vydac, Deerfi eld, IL) with a gradient elution program in which Solvent A, consisting of 50% methanol, 30% acetonitrile, 20% water, and Solvent B, consisting of 90% isopropanol and 10% hexanes (additives were 0.1% formic acid, 0.01% ammonium acetate, 0.02% trifl uoroacetic acid, 0.02% hexafl uoroisopropylalcohol). Solvent B was run at 60% from 0 to 4 min and then increased to 100% from 16 min to 28 min. To compare M. tuberculosis and mamma-2007. This sn -1 palmitoyl, sn -2 tuberculostearoyl containing phosphatidylinositol dimannoside synthesis was based on the initial structural assignment (2001) and therefore turned out to provide the unnatural regioisomer.
Here, we describe the structure elucidation of 1-O -tuberculo stearoyl-2-O -palmitoyl-sn -glycero-3-phosphoethanolamine, a genus specifi c form of phosphatidylethanolamine (PE) from M. tuberculosis , with regards to acyl substitutions on the glycerol backbone. Using tandem mass spectrometry and novel synthetic methods, we unambiguously determine the position of the two acyl residues and demonstrate that this specifi c glycerophospholipid is distinct from common mammalian forms of PE such that the synthetic molecule can be used as a standard to investigate candidate natural biomarkers of infection by mycobacteria.
EXPERIMENTAL PROCEDURES

Isolation of PE from M. tuberculosis
Total lipid extracts of M. tuberculosis strain H37Rv were prepared as previously described ( 16 ) . One gram of lipid, extracted into 2:1 (v/v) of chloroform: methanol, was separated over a 75 ml open silica column (Alltech, Deerfi eld, IL) by sequential elution with fi ve column volumes of chloroform, acetone, and methanol, respectively. The methanol eluting lipids were recovered, and 15 mg was separated by one-dimensional thin layer chromatography on 200 m silica plates resolved with chloroform, methanol, and water (v/v/v 60:30:6). Bands were visualized by spraying with water prior to scraping. Lipids were serially extracted from scraped bands with chloroform and methanol (v/v 2:1, 1:2) and pure methanol. Lipid content was analyzed by positive-mode electrospray ionization mass spectrometry (ThermoFinnigan LCQ Advantage). PE molecular species were detected in a band with Rf of 0.47. Further purifi cation of molecular species of PE was achieved by high performance liquid chromatography/mass spectrometry. Approximately 50 g of PE containing palmitic and tuberculostearic acids was obtained with >95% purity as assessed by MS and 1 H-NMR.
Synthesis of TBSA
To unambiguously establish the structure of the isolated mycobacterial glycerophospholipid, we decided to synthesize the two possible regioisomers 1 and 2 and use them as authentic standards for comparison to natural molecules in MS/MS analysis.
Several synthetic routes have been described for ( R )-TBSA, but all routes provide the racemate (17) (18) (19) (20) (21) (22) (23) (24) or are based on chiral pool strategies ( 15, 25, 26 ) , so we designed a new catalytic, enantioselective route. Unsaturated thioester 4 ( Fig. 1 ) was obtained in 92% yield by a ruthenium-catalyzed olefi n metathesis of olefi n 5 and S-ethyl thioacrylate 6 using Hoveyda-Grubbs second generation catalyst 7 . This strategy for the construction of unsaturated thioesters from terminal olefi ns was recently reported by our group ( 27 ) . Thioester 4 was subjected to a copper catalyzed asymmetric conjugate addition with methylmagnesium bromide and ( S , R Fe )-Josiphos 8 as the ligand ( 28 ) . The use of a copper catalyzed asymmetric conjugate addition of Grignard reagents on unsaturated thioesters has recently been applied in a number of natural product syntheses (28) (29) (30) (31) (32) (33) . Methyl-branched thioester 9 was isolated in 85% yield with an enantiomeric excess of 90% (see supplemental data). The spectroscopic data of the Mosher ester derivative of compound 9 , which was used for the ee determination, also confi rmed the absolute confi guration of the intro-at University of Groningen on June 8, 2010 www.jlr.org Downloaded from droxide) and solvent B consisted of 60% hexanes and 40% isopropanol (additives were 0.1% formic acid and 0.05% ammonium hydroxide). The gradient was run from 95% to 85% solvent B from 0 to 6.6 min, to 0% solvent B until 16.2 min, then increased back to 95% solvent B from 22.8 to 26 min. lian phospholipids, approximately 20 g of acetone precipitable lipids from mouse lung homogenate were injected onto a 150 mm × 2.0 mm mono chrom 3 diol column (Varian), and eluted with a gradient program in which solvent A consisted of methanol (additives were 0.1% formic acid and 0.05% ammonium hy- lung based on ions that contain a C19 tuberculostearoyl unit. The presence of tuberculostearoyl residues in PEs from M. tuberculosis was reported in 1965 ( 40 ) . Lipidomic surveys of mycobacterial lipids for candidate biomarkers are normally focused on ions that are abundant, universally present in pathogenic mycobacterial species, absent in mammalian lipids, and absent in nonmycobacterial pathogens and commensal organisms. Mycobacterial PEs fi t all four criteria because a large subset of the PE molecular species carries a C19 TBSA, which is not made by mammalian cells and is exclusively found in mycobacteria. Negative mode mass spectrometry of the bacterial extracts from M. tuberculosis detected several ions corresponding to the expected mass of TBSA containing PE, with the strongest being m/z 732.5535 ( Fig. 4A ). Because mammalian cells rarely produce fatty acids with an odd number of methylene units, it was expected that mammalian PE would not contain a compound with the same mass. PE species not containing tuberculostearic acid were detected in both tuberculosis and mouse lipid preparations. However, 732.5535 was detected only in M. tuberculosis lipid preps (Fig. 4B ). The resolution of our instrument suggests that if 732.5535 is present in mammalian lipid preps, its abundance is at least 1000-fold less (data not shown). The specifi c presence of a TBSA residue in PEs from M. tuberculosis indicates that this molecule is a candidate biomarker of infection by mycobacteria.
To determine the position of the acyl residues in the natural product, we compared the fragmentation pattern of the natural compound to each of the two synthetic regioisomers 1 and 2 ( Fig. 5 ). MS/MS (ESI) in the negative mode shows a clear difference in the fragmentation pattern. The acyl groups at the sn -2-position of the glycerol backbone are preferentially cleaved as predicted. Cleavage can occur between the carbonyl carbon atom and the oxygen atom with transfer of hydrogen to leave a hydroxy group on the resulting fragment ion (phosphatidyl fragment), m/z 494 and m/z 452 for regioisomer 1 and 2 , respectively. Alternatively, cleavage occurs between the oxygen and glycerol backbone, resulting in a negatively charged carboxylate fragment ( m/z 255 and m/z 297 for palmitic acid and TBSA, respectively). These types of fragmentation occur preferentially at the sn -2-position of the glycerol backbone compared with the sn -1-position. The fragmentation pattern of the natural product matches with synthetic 1 , whereas that of isomer 2 does not match with the natural product.
With both synthetic 1-O -TBSA-2-O -palmitoyl-sn -phospholipid and 1-O -palmitoyl-2-O -TBSA-sn -phospholipid in hand, we conclude that it is straightforward to determine the position of two acyl side chains in diacylglycerol-phosphatidylethanolamine lipids by MS/MS analysis. The acyl residue at the sn -2-position will give a higher abundance in the ESI mass spectrum compared with the acyl residue at the sn -1-position. This is consistent with the reports of Hsu and Turk (6) (7) (8) (9) (10) (11) .
Finally, we compared HPLC retention times of the two synthetic compounds and the natural one (see supplemental data) to further study their chemical characteris-HPLC purifi cation of the mycobacterial phospholipid HPLC/MS (Thermo Scientifi c LXQ, Waltham, MA) using a 4.6 mm × 250 mm C18 bonded silica column (Vydac, Deerfi eld, IL) as the stationary phase and isocratic elution with a mobile phase consisting of 63% isopropanol, 15% methanol, 9% acetonitrile, 7% hexanes, and 6% water (additives were 0.1% formic acid, 0.01% ammonium acetate, 0.02% trifl uoroacetic acid, 0.02% hexafl uoroisopropylalcohol) was used to separate crude lipids by manual injection and fraction collection.
The two synthetic isomers 1 and 2 were compared with the natural product by MS/MS analysis in order to establish the correct structure of the natural isolate. The mass of the natural isolate ( m/z 732.550) and the synthetic compounds 1-O -TBSA-2-O -palmitoyl-sn -phospholipid ( m/z 732.551) and 1-O -palmitoyl-2-O -TBSA-sn -phospholipid ( m/z 732.552) agreed well and were within 4 ppm of the calculated value for C 40 H 79 NO 8 P -( m/z 732.555). Additional information confi rming the presence of the TBSA acyl residue was found by comparing the 1 H-NMR spectrum of the natural product with that of the synthetic compounds. The CH 3 branch has a distinct chemical shift and coupling constant in 1 H-NMR. For both the natural isolate and the synthe tic compounds a doublet at 0.83 ppm was observed with J = 6.4 Hz.
Tandem mass spectrometry
MS/MS was performed on LCQ Advantage (Thermo Finnigan, Waltham, MA). Compounds were analyzed by nanospray ESI-MS using borosilicate glass pipettes pulled to a 2 m orifi ce (internal electrode 1.2 kV). Ions were detected in the negative mode and collided at 20% energy (see supplementary data).
RESULTS
As part of ongoing research on immunologically active compounds from M. tuberculosis , we isolated an abundant glycerophospholipid from a virulent reference strain of M. tuberculosis known as H37Rv. The isolate was consistent with PE glycerol having two acyl residues, tuberculostearoyl [( R )-10-methyloctadecyl] and palmitoyl ( Fig. 3 ). The molecular structure of TBSA is well documented and the position of the C10-methyl branch was already elucidated by Spielman ( 18 ) in 1934. This glycerophospholipid could be distinguished from mammalian PEs isolated from mouse di-acyl PEs can quickly be analyzed and identifi ed by mass analysis and the relative position of the acyl residues can be determined by comparison of the mass fragmentation pattern. Production of this synthetic version of mycobacterial PE, with a stereochemically correct and pathogen-specifi c fatty acyl group in high yield, can be used as a standard in LC-MS based lipidomic analyses to detect trace amounts of mycobacterial PE in human blood, sputum, or tissues as a marker of infection by mycobacteria.
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tics. Although retention times are similar, a difference was observed. The natural product and synthetic 1 elute at 6.1 min and regioisomer 2 elutes at 6.3 min.
CONCLUSIONS
A newly isolated glycerophospholipid from M. tuberculosis was characterized and analyzed by MS/MS analysis. Two regioisomers of the phospholipid were successfully synthesized and compared with the natural compound. MS/MS analysis was used to determine the position of the acyl residues. The natural product was identifi ed as 1-O -TBSA-2-O -palmitoyl-sn -phosphotidylethanolamine. Additional evidence was obtained by 1 H-NMR. Different 
